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Abstract

Groundwater is abundant and widely used for household consumption, irrigation, and aqua-
culture in the Lanyang Plain in northeastern Taiwan. However, it is subject to contamination
by various anthropogenic activities and natural processes, as well as overexploitation, which
has led to land subsidence in the eastern coastal area of this plain. It is becoming increasingly
urgent to establish a sound plan for groundwater resource management in the Lanyang Plain to
ensure the safe and sustainable use of groundwater to meet demands. The aim of this study is
to develop a sound management plan for multipurpose groundwater utilization in the Lanyang
Plain. This plan is developed with consideration of the quality and quantity of groundwater, as
well as current land use practices. First, the groundwater quality parameters are spatially
mapped followed by geographic determination of regions where groundwater quality is safe
for different purposes, based on the water quality criteria for drinking, irrigation, and aqua-
culture. Subsequently, the drawdown index, defined as the ratio of the actual groundwater
utilization rate to the transmissivity, is determined for each cell and low drawdown index
regions are identified geographically. Information about regions where groundwater quality is
safe for different purposes and the regions where the drawdown index is low is integrated to
create a map which can be used for the production of a sound management plan for multi-
purpose groundwater utilization in the Lanyang Plain. Comparisons between our newly
created map and current land use for farmlands and fishponds can provide a basis to review
the current land use practices in these regions.
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1 Introduction

Groundwater is an essential freshwater resource for human consumption around the world. It
accounts for a substantial portion of the freshwater supply in Taiwan’s northeastern Lanyang
Plain because of its abundance and rapid replenishment. Residents in the Lanyang Plain
depend upon groundwater to meet their demands for drinking, irrigation, and aquacultur
making up for the shortage of surface water. However, a significant reduction in groundwater
levels, as well as severe saltwater intrusion and land subsidence in the coastal areas of the
Lanyang Plain, caused by overexploitation, has been reported and become serious concerns
over the past 3 decades.

Moreover, a long-term groundwater quality survey conducted by the Agricultural Engi-
neering Research Center (AERC) with financial support from the Taiwan Water Resource
Agency (WRA) has reported groundwater contamination, with the occurrence of chemicals
such as arsenic, nitrate, chloride, sodium, manganese and iron in some of their monitoring
wells (AERC 2009; 2010; 2011; 2012). Consuming contaminated groundwater is considered
hazardous to human health. Exposure to some hazardous chemicals is known to cause a variety
of acute and chronic problems (e.g. Jang et al. 2016a; Liang et al. 2016a) Indirectly, hazardous
chemicals can enter the food chain and poses a potential threat to human health through farmed
seafood and consumption of crops grown using As-contaminated groundwater for irrigation
(e.g. Liang et al. 2013).

The effective management of groundwater quantity and quality is imperative to ensure
continued access to clean, accessible, and plentiful groundwater supply in the Lanyang Plain.
The groundwater level, groundwater quality as well as the other hydrogeological characteris-
tics are important factors for the effective management of groundwater resources. However, in
the Lanyang Plain, there is considerable spatial variation from region to region in the data for
these parameters, so mapping of the spatial variability of these factors is important. Since it is
so expensive and time-consuming to manually measure groundwater levels, and to sample and
analyze groundwater quality and determine hydrogeological characteristics in the field, flow
and solute transport models are frequently used to predict them. However, a detailed physical
description of the hydrogeology and specification of the initial and boundary conditions is
necessary. Both of these are dependent upon obtaining sufficient information about a number
of hydrogeological parameters as well as requiring extensive computational effort. These
factors have restricted the application of such models for the assessment of the groundwater
quantity and quality. Geostatistical techniques are increasingly being applied for the spatial
characterization of the hydrogeochemical and hydrogeological parameters including ground-
water quality, groundwater levels and hydraulic conductivity (Varouchakis et al. 2012; Chica-
Olmo et al. 2014; Liang et al. 2017). Lee et al. (2008) applied a multivariate indicator kriging
(MVIK) approach to spatially characterize the regions in the Lanyang Plain where groundwa-
ter quality is safe for multi-purpose utilization. However, they only considered conditions
affecting groundwater quality. Jang et al. (2012) established an irrigation management plan for
sustainable groundwater use in the Pingtung Plain based on irrigation quality standards and
aquifer transmissivity. Jang et al. (2016b) applied MODFLOW (Harbaugh and McDonald
1996), a popular numerical model for the simulation of groundwater flow and groundwater
levels. They also adopted the MVIK technique for the spatial determination of regions where
the groundwater quality is safe to be used for drinking, irrigation and aquaculture. A sound
strategy for the joint use of groundwater and surface water in the Pingtung Plain was
established by integrating the analyzed results for groundwater levels and groundwater
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quality. Liang et al. (2016b) applied the ordinary kriging method (OK) for spatial determina-
tion of the regions where groundwater quality is safe for irrigation, aquaculture and drinking in
the Pingtung Plain, Taiwan. They also specified the low aquifer impact zones based on the
ratio of the actual groundwater extraction rate to aquifer transmissivity.

The objective of this study is to establish a sound management plan for multi-purpose
groundwater utilization in the Lanyang Plain. This novel management plan can be developed
with simultaneous consideration of groundwater quality, drawdown caused by groundwater
exploitation and current land use information. The results of this study can assist government
administrators in their development of effective groundwater resource management plans for
the Lanyang Plain.

2 Materials and Methodology

This study aims to establish a sound management plan for multi-purpose groundwater
utilization in the Lanyang Plain. Information about groundwater quality, the drawdown
index and current land use practice is all considered simultaneously. First, the OK
approach is used to estimate the spatial distribution of hydrochemical parameters
related groundwater quality and evaluate safe regions for different utilization demands
based on the standards for drinking, irrigation, and aquaculture. Secondly, the OK
approach is used to map the spatially distribution of transmissivity and create low
drawdown index regions. The drawdown index which is defined as the ratio of the
actual groundwater utilization to the transmissivity is used to measure the potential
negative effect induced by the groundwater exploitation. A map is created by inte-
grating the results showing the regions where groundwater quality is safe for different
purposes and regions where the drawdown index is low. The map can be used for the
development of a sound management plan for multi-purpose groundwater utilization.
The developed map can be compared with current land use practice to provide a tool
for improving water resource management and land use practices, for prioritizing the
regions where new measures need to be adopted to avoid the consumption of unsafe
groundwater or overexploitation of groundwater resources by replacing groundwater
withdrawal with treated surface water or where the current land use practices are
needed to be changed.

2.1 Study Area

The Lanyang Plain sits in Yilan County located in northeastern Taiwan (Fig. 1) and includes
the alluvial fan of the Lanyang River. It comprises ten administrative townships which contain
97% of the population (about 451,000) of Yilan County. It covers an area of 400 km? and is
roughly shaped like an equilateral triangle, surrounded by mountains on three sides, the
Xueshan Mountain Range and the Central Mountain Range to the north, west and the south.
The east faces the Pacific Ocean. The longest distance from south to north and from west to
cast the longest distance is about 30 km. The Lanyang River is the major river in the area and
flows from west to east, through the middle of the plain.

The area has a subtropical climate with northeasterly monsoon winds blowing as autumn
changes to winter. The northeasterly monsoon winds combined with the topography produce
heavy rainfall in the winter season. Convectional rainfall can occur in the summer season due
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Fig. 1 Map of land use on the Lanyang Plain

to the higher temperature, with above average rainfall during typhoon season from September
to December. Otherwise monthly rainfall is distributed evenly. Thus, there is ample runoff
leftover to accumulate as groundwater. Analysis of the subsurface hydrogeology shows that
the area underlying the plain contains one unconfined aquifer on top and several deeper
confined aquifers and two aquitards (Fig. 2). The alluvial cover ranges from 100 to 400 m
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Fig. 2 Hydrogeological profile of the Lanyang Plain
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in thickness. The geology underlying the plain consists of Holocene alluvial deposits which
include sands, gravel clays, detrital slates, quartz sandstone, and crystallized gneiss (Lin and
Kao 1997; Jean et al. 2010). The aquifers are comprised of coarse sand and gravel between the
proximal area and the center of the fan. These regions are highly permeable and contribute the
most to aquifer recharging. The coastal regions which are less permeable consist mainly of fine
sand and clay. Groundwater flow follows the topography from the mountainous regions to the
eastern coastal regions.

Lacking in man-made reservoirs, residents have taken advantage of the abundance
of groundwater to supply their fresh water needs from shallow household wells
(<40 m in depth) since the late 1940s (Jean et al. 2010). The Lanyang Plain is a
heavily utilized agricultural area for the cultivation of crops and aquaculture, with
approximately 45.7% of the area being used for agriculture and 5.1% for fishponds
(Fig. 1). Supplying the water resources required for agriculture and aquaculture
accounts for the major portion of groundwater utilization in the Lanyang Plain.
Additionally, roughly 60% of the tap water provided by the Taiwan Water Corporation
is supplied by extracting groundwater from aquifers.

2.2 Data on the Groundwater Quality and Groundwater Quality Standards

Data for groundwater quality in the Lanyang Plain is collected from the Taiwan Water
Resources Agency, Taiwan Environmental Protection Administration and the Environ-
mental Protection Bureau (EPB) of the Yilan County Government. Table 1 summa-
rizes the descriptive statistics including the maximum, minimum, mean and standard
deviation as well as 25th, 50th and 75th percentiles for each hydrochemical parameter.
Table 2 summarizes the information regarding the percentage of observation wells in
which the measured concentration for each individual hydrochemical parameter ex-
ceeds the water quality standards for drinking, irrigation, and aquaculture, respectively.
For drinking, the measured NH4*-N concentrations should have a maximum exceed-
ance percentage of approximately 60%, and the measured As concentration should
have an exceedance percentage of 18%. For irrigation, the measured DO concentra-
tions should have an exceedance percentage of 63% while the exceedance percentage
of the measured As concentrations is only 5.4%. For aquaculture, the measured DO
concentrations should have an exceedance percentage of 79% of and the exceedance
percentage of the measured NH4*-N concentrations should be 30%.

2.3 Kriging Approach

In this study, the OK method is used to estimate the spatial patterns of each hydrochemical
parameter and aquifer transmissivity. This is the most commonly used geostatistical method
for mapping the spatial distribution of a random variable. The regionalized variable theory
(RVT) states that a variable in an area has both random and spatially structured properties and
assumes a second-order stationary process. (Journel and Huijbregts 1978). The major appli-
cation of RVT is in the kriging method for spatial interpolation.

In the kriging approach, a geostatistical variogram within a statistical framework needs to
be determined first. The experimental semi-variogram is used to characterize the trend of the
spatial variability of a regional variable between two observation locations. In practice, the lag
distance is frequently represented by a distance interval since the probability of the distance %
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between pairs of observation locations being exact is low. An experimental semi-variagram
~(h) for pairs of observation locations within a distance interval can be described by the
following expression:

1 N(h) )
100 = 57 { 2, 1200+ W-200)F | ()
where Z(y;) is the value of the regional variable of interest at observation location x;+ #;
Z(x;+ h) is the value of the regional variable of interest at location ; + 4; & is the lag distance
between two observation locations; N(%) is the number of pairs of observation locations
separated by /4 with a distance interval.

The theoretical semi-variogram model provides the information regarding the spatial
variability that is required for the kriging method. Based on Eq. (1), the experimental semi-
variograms of the regional variable of interest created by taking into consideration all
observation locations are computed and subsequently fitted to a theoretical semi-variogram
model. The widely used spherical, exponential and Gaussian models are written as follows:

h A%
Nk = OFe€ L5 (E) —0.5 (E) hsa spherical model; (2a)
co+c h>a
3h
y(h) =co+c {l—exp (— —)} exponential model; (2b)
a
30\
(h) = co + c{l — oxp [ (—) } Gaussian model; (2¢)
a

where ¢, indicates the nugget effect; ¢ is the sill; and a is the range.

The OK method is considered to be an optimal spatial interpolation estimation method in
which the values of the random variable Z(x) at an unsampled location x, are determined
according to the linear combination of the known values of all the sampled locations as
follows:

ME

Z*(X()) =

i

N (6Z) (x7) (3)

1

where Z * (x) is the unknown value of the random variable to be determined at an unsampled
location xy; Z(x;) denotes the known values of the random variable at a sampled location (x;); M
is the total number of known value of random variableZ(x) at the sampled location; and A{(x;) is
a kriging weighting factor for the known value of random variableZ(x)at a sampled location
(x;) which is used to determine Z  (xg).

2.4 Evaluation of Drawdown Index

Physically based numerical models of groundwater flow have been widely used for
quantifying changes in groundwater levels caused by man-made withdrawal and other
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hydrological events. However, the performance of these models is basically dependent
on an adequate understanding of the hydrological behavior in the area under study
and the availability of data regarding the properties of the groundwater system.
Unfortunately, data on these two conditions are often unavailable in Taiwan, resulting
in the simulation results always being subject to uncertainty. Analytical models are
generally considered fast tools for quantifying the drawdown response to the extrac-
tion of groundwater from wells. The best-known analytical models are the transient-
state solution presented by Thies (Theis 1935) and the steady-state solution developed
by Thiem (Theim 1906). For convenience, the steady-state Thiem solution is written
as follows (Fetter 2014):

(0] r

s = mln (E)7 (4)
where s is the drawdown caused by extraction [L]; Q is the extraction rate [L3/T]; T
is the aquifer transmissivity [L%/T]; r is the radial distance from the center of a single
extraction well [L]; and R is the radius of influence. It is implied that the drawdown
is proportional to the ratio of actual groundwater utilization to aquifer transmissivity.
Thus, % is used to represent the drawdown index used to evaluate the impact caused by

pumping on aquifer. .

3 Results and Discussion
3.1 Determining Safe Groundwater Quality Zones

To determine the regions where the groundwater quality is safe for various purposes,
we first map the spatial pattern of each individual hydrochemical parameter using the
OK method. Prior to computing the semi-variograms based on Eq. (1), a histogram
analysis is done for each individual hydrochemical parameter. Basically, the results of
the histogram analyses show the measured concentration for each individual
hydrochemical parameter which more satisfactorily fit a lognormal distribution rather
than a normal distribution. Accordingly, we use the log transformations of the
observed hydrochemical parameters for computation of the semi-variograms. The
computed experimental semi-variograms are then analyzed to obtain the best fits
against the values of three important parameters, namely the nugget effect, sill and
range for the theoretical semi-variogram models as defined in Egs. (2a)-(2c). After the
best theoretical semi-variogram model for each individual hydrochemical parameter is
obtained, the natural logarithm of each individual hydrochemical parameter for each
cell is computed based on Eq. (3) and the exponential recovery of the computed
logarithm value of each hydrochemical parameter for each cell is then carried out to
obtain the real spatial distribution of each individual hydrochemical parameter. For
spatial mapping of the hydrochemical parameters, the study area is spatially
discretized into a grid system of 40 x40 cells with 100 m spacing in both the
south-north and west-east directions. Only 447 active cells fall into this study domain.
To give a more accurate estimate of model prediction performance, cross-validation
tests for the kriging approaches of all groundwater quality items are performed. In
cross-validation test, a sample of monitored data is removed individually and
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estimated from the remaining monitored concentrations. The mean standard error
(MSE) and mean square standard error (MSSE) are used to evaluate the model
prediction performance. The MSE and MSSE are mathematically written as

1N Z%0)-Z(x)

MSE = N i; ok (x:) ®
1o (Z250)20))

MSSE = 5 3 ~— 5 (6)

where Z * (x;) and Z(x;) are the estimated and measured values at the ith observation locations,
respectively;. N is the number of total measured data; o(x;) and o}2(x;) are kriging standard
deviation and variance, at the ith observation locations, respectively. The calculated values of
MSE and MSEE are close to nil and unity, demonstrating that the model prediction perfor-
mances are excellent. Moreover, an accepted tolerance error with +3(2/N)0.5 for MSSE
recommended by Chilés and Delfiner (1999) is also used as a criterion for the performance
test. The values of MSE MSSE for all groundwater quality items fall within this accepted
criteria. Figure 3 maps the spatial distributions of some important hydrochemical parameters.
The groundwater quality values monitored for the wells are also included in the figure for
comparison. It can be seen that the geographical distribution of zones with different concen-
tration categories contains the same concentration categories as for the sampled wells. The
excellent agreement between the concentrations obtained from the kriging approach and the
actual monitored concentrations demonstrate the excellent model prediction performance of
the kriging approach. Next, the safe regions for drinking, irrigation and aquaculture are
screened by comparing the computed values for the hydrochemical parameters in each cell
against the water quality standards for drinking, irrigation, and aquaculture. A cell is defined as
safe for a specified utilization purpose if all estimated hydrochemical parameters values in this
cell are less than the threshold values specified for the various water quality standards. Figure 4
depicts the regions where groundwater quality is safe for drinking, irrigation, and aquaculture.
The peripheral northern, western and southern areas of the Lanyang Plain including the
townships of Toucheng, Jiaoxi, Yuanshan, Nanao and Tatong are classified as regions where
groundwater is safe for drinking. It should be noted that the cells that are classified as having
groundwater quality that is unsafe for drinking include the major townships of Lodong and
Ilan which are heavily populated. Almost all of the cells, except in the eastern coastal areas,
groundwater quality is classified as safe for irrigation. The cells that groundwater quality are
classified as safe for aquaculture cover a large portion of the western mountainous areas and
upper and lower portions of the eastern coastal areas. The area percentage of cells that
groundwater quality is classified as safe for drinking, irrigation and aquaculture are 37.4,
92.2 and 62.9%, respectively. In short, groundwater quality in the eastern coastal regions is less
safe for drinking, irrigation and aquaculture.

3.2 Determining the Low Drawdown Regions

Mitigation of the potential negative impact on the aquifer such as a reduction in groundwater
levels caused by groundwater resource development is crucial for a sound management plan
for groundwater utilization. In this study, a representative drawdown index, % which is defined
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Fig. 3 Geographical distribution of some important hydrochemical parameters for the Lanyang Plain

as the ratio of the actual groundwater utilization rate (Q) to the aquifer transmissivity (7) is
used. Data for aquifer transmissivity is obtained from the Taiwan Central Geological Survey
(2013). Determination of the spatial distribution of aquifer transmissivity and procedure for the
cross-validation test are similar to the process for determining the spatial distribution of
hydrochemical parameters. The actual groundwater utilization rate in the Lanyang Plain is
difficult to estimate. Here, the groundwater utilization rate is evaluated based on data for
groundwater rights issued by the government. Water resource users, such as irrigation
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associations, the Taiwan Water Corporation, and other agricultural and aquaculture corpora-
tions must apply for groundwater rights according to the current legal rules. Data for
groundwater right applications are published for individual township. Thus, we assign the
groundwater utilization rate for individual township to cells that fall within a single township.
For a cell that falls into two or more townships the groundwater utilization rate at this cell is
calculated based on a linear combination of the product of the area percentage for the
individual townships within the cell and the groundwater utilization rate for the individual
township. A threshold value is specified in order to distinguish between a low and high
drawdown index (%). However, the selection of this threshold value is inevitably subjective
although it does significantly affect the delineation of low drawdown index regions. In this
study, the specified threshold value is %54 Fig. 5 shows the geographical distribution of the

low drawdown index regions determined based on the specified threshold value (% <4) regions
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Fig. 5 Geographical distribution of low drawdown index regions based on the specified threshold value of
9—am
T

highlighted in green. It can be found that southeastern coastal areas of the Lanyang Plain
cannot be considered low drawdown index regions.

3.3 Sound Management Plan for Multi-Purpose Groundwater Utilization

A sound management plan for multi-purpose groundwater utilization is delineated by inte-
grating the mapping results of the regions where groundwater is safe and the regions where the
drawdown index is low. Figure 6 presents a map for multi-purpose groundwater utilization
based on safe groundwater quality and a low drawdown index. The cells are categorized as
single-purpose, dual-purpose or triple-purpose. The area percentage of each category is
tabulated in Table 3. The area percentage is defined as the ratio of the area for each category
compared to the total area of the Lanyang Plain. The map for multi-purpose groundwater
utilization is then compared with the current land use information to evaluate the appropriate-
ness of current land use practices. The land use information is obtained from the Land Use
Investigation of Taiwan by the National Land Survey and Mapping Center of Ministry of
Interior, Taiwan. Figure 7 shows the comparison between the current usage of land for
farmlands and fishponds with the multi-purpose groundwater utilization plan developed in
this study. The regions where groundwater quality is unsafe for irrigation or aquaculture or the
drawdown index is high are highlighted in red. Overall, 47% of the land area of the Lanyang
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Fig. 6 Zonal management plan based on the safe groundwater quality zones for different groundwater utilization
purposes and a low drawdown index

Plain is used for agriculture. The area percentage of all agricultural land in the Lanyang Plain
where groundwater quality is unsafe or the drawdown index is high is 20.01%. We find that
the regions unsuitable for agriculture are mostly located in the eastern coastal areas including
the townships of Yilan, Luodong, Jiaoxi, Zhuangwei, Wujie, Dongshan Suao. Only 10% of the
total land area of the Lanyang Plain is used for aquaculture but as much as 69.29% of these
regions are actually unsuitable for this purpose.

A sound management plan for the multi-purpose utilization of groundwater in the
Langyang Plain can be developed base on this study to help government administrators to
develop measures to protect groundwater resource. For zones with unsafe groundwater quality,
identification of the source of contamination is the first priority followed by control of the
source. Control could include the use of legislation or regulation to control contamination and
public education to raise community awareness and change the anthropogenic activity leading
to groundwater contamination. Land use planning is also an effective measure to control
contamination. Besides control of the contamination source, intensive groundwater monitoring
of the unsafe zones is required. Moreover, the government needs to develop safe water
resources as alternatives to using unsafe groundwater. For zones with a high drawdown index
the use of legislation to reduce groundwater exploitation is required. Land use practices need to
be change in regions where groundwater quality is unsafe for irrigation or aquaculture but is
currently being used for farmlands and fishponds.
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Table 3 Area percentage of area of seven categories of groundwater use for regional management plans

Suitable water usage Percentage (%)
D+I+A 34.92

D+I 2.81

I+A 17.28

D+A 0

D 0

I 20.98

A 0

> 76.01

Area percentage is defined as the ratio of the area of each water usage classification to the total area of the
Lanyang Plain. It is divided into drinking water (D), irrigation water (I), aquaculture water (A), two-in-one (D + I,
D+ A, I+A) or three in one (D+1+ A)

4 Conclusions

This study aims to facilitate the development of a sound management plan for the multi-
purpose utilization of groundwater in the Lanyang Plain by geographically delineating the
regions where water quality is safe for various requirements and regions where the drawdown
index is low. The findings show that the regions where water quality is unsafe for drinking are
located in the major administrative townships of Lodong and Ilan which are heavily populated.
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Fig. 7 Geographical visualization of current land used for farmlands and fishponds with the regions where
groundwater quality is safe for irrigation or aquaculture and the drawdown index is low

@ Springer



4246 Liang C-P. et al.

Almost all regions except for the eastern coastal areas are safe for irrigation. Computation of
the drawdown index which is defined as the ratio of actual groundwater utilization rate to the
aquifer transmissivity shows that high drawdown index regions are located primarily in the
southeastern coastal areas of the Lanyang Plain. Comparisons shows that 20.01% of the
current agricultural land suffers from unsafe irrigation groundwater quality or is subject to
high drawdown index and 69.29% of the fishponds are in unsafe aquaculture water quality or
high drawdown index regions. The results of our study can help government administrators to
adopt measures to replace groundwater withdrawal with a supply of treated surface water to
protect the health of individuals and alleviate high drawdown problems caused by the
overexploitation of groundwater resources and to review the current land use practices in
these regions.
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